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WAVELENGTH-LOCKED FIBER-COUPLED
DIODE-LASER BAR

TECHNICAL FIELD OF THE INVENTION

The present invention relates generally to stabilizing the
output of a linear diode-laser array or diode-laser bar. The

invention relates in particular to stabilizing the output of a
diode-laser bar when that output 1s coupled into an optical
fiber array.

DISCUSSION OF BACKGROUND ART

Diode-laser light 1s commonly used for optically pumping
solid-state lasers and fiber lasers. As light from a single
diode-laser 1s often insuiliciently powertul for such pump-
ing, 1t 1s usual to use light from a plurality of diode-lasers
arranged 1 a linear array. Such an array 1s commonly
referred to by practitioners of the art as a diode-laser bar. The
light from the diode-lasers 1n the bar must be collected by an
optical arrangement that makes the sum of the outputs of the
diode-lasers available for pumping.

Light 1s emitted from a diode-laser as a diverging beam.
The beam diverges strongly, for example at about 35
degrees, 1n one axis, termed the fast axis, and diverges
weakly, Tor example at about 10 degrees, 1n an axis (the slow
axis) perpendicular to the fast axis. In a diode-laser bar,
individual diode-lasers (emitters) are arranged, spaced apart,
linearly, 1n the slow axis direction. In a high power diode-
laser of the type used for optical pumping, light 1s emitted
in a plurality of modes (multimode output). A preferred
method of collecting the outputs of the plurality of emitters
of a diode-laser bar 1s to couple the individual emitter
outputs 1nto a corresponding plurality of multimode optical
fibers having entrance ends thereof arranged in a linear array
aligned with the slow axis of the diode laser bar. A cylin-
drical microlens 1s used to collimate the emitter output 1n the
fast axis. The fast-axis-collimated output 1s coupled 1nto the
fibers. Output ends of the optical fibers are formed 1nto a
bundle. Light output from the bundle can be collected by a
lens and focused directly 1nto a solid-state gain medium or
into a single optical fiber. The single optical fiber can be a
transport fiber or a fiber laser to be pumped.

In the gain medium of a solid-state laser or a fiber laser,
absorption of optical pump light can often only occur 1n a
narrow band of wavelengths, for example, about 1 nanom-
cter (nm) wide. This narrow band of wavelengths 1s centered
on a fixed, peak absorption wavelength that 1s characteristic
of the gain-medium (active layer material) of the diode-laser.
Absent any constraint, diode-laser light 1s emitted 1n a
relatively broad spectrum of wavelengths, for example
between 2 nm and 5 nm. Accordingly, for optimizing optical
pumping efliciency, it 1s preferable to provide a constraint
that narrows the emission bandwidth and stabilizes the
center wavelength of this narrowed emission bandwidth at
the characteristic peak absorption wavelength of the gain-
medium.

One arrangement that has been used to narrow the band-
width and stabilize the wavelength of the output of a single
mode diode-laser coupled into the core of a single mode
fiber, 1s to write a fiber Bragg grating into the core of the
fiber. The refractive index modulation and the period of
modulation of the Bragg grating are selected such that the
grating reflects back into the diode-laser a few percent
(usually less than 10%) of radiation propagating in the core.
The radiation 1s reflected in a bandwidth less than about 1
nm about a peak-reflection wavelength determined by the
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modulation period of the grating. This forces the diode laser
to emit at the peak-reflection wavelength of the grating and
with a bandwidth about equal to the reflection bandwidth of
the grating.

This method, however, 1s not suitable for use with mul-
timode fibers, as a multimode fiber supports all the direc-
tions (angles) of propagation within 1ts numerical aperture.
The peak retlection wavelength of a fiber Bragg grating
depends not only on the modulation period but on the angle
of incidence of light on the grating. Accordingly, 1n a
multimode fiber core, a Bragg grating would have a reflec-
tion bandwidth broadened by the plurality of angles at which
the multimode light was incident thereon. The grating would
provide neither adequate-bandwidth narrowing nor adequate
wavelength stabilization. There 1s a need for an arrangement
for stabilizing the wavelength and narrowing the bandwidth

of the output of a multimode-fiber-coupled, multimode
diode-laser bar.

SUMMARY OF THE INVENTION

In one aspect, apparatus in accordance with the present
invention comprises a diode-laser emitter arranged to emat
an output beam along a propagation axis. The diode-laser
has a fast axis and a slow axis perpendicular to each other,
and perpendicular to the propagation axis. The beam has a
first divergence in the fast axis and a second divergence 1n
the slow axis, the second divergence being less than the first
divergence. A lens 1s disposed on the propagation axis of the
diode-laser. The lens 1s configured and aligned with the
diode-laser such that the output beam 1s transmitted by the
lens, collimated i1n the fast axis, and with the slow axis
divergence unchanged. An optical fiber 1s arranged to
receive the output beam transmitted by the lens. The optical
fiber has a core surrounded by a first cladding, the first
cladding being surrounded by a second cladding. The first
cladding has a lower refractive than that of the core, and the
second cladding has a lower refractive index than that of the
first cladding. The core includes a wavelength-selective
Bragg grating arranged to retlect a portion of the transmaitted
output beam back into the diode-laser beam. The core has a
numerical aperture dependent on the difference between the
refractive index of said core and the refractive index of the
first cladding. The core numerical aperture 1s sufliciently low
that slow-axis rays of said beam portion reflected back into
the diode-laser are about parallel to the propagation axis. In
a preferred embodiment of the apparatus, core numerical
aperture 1s about 0.06 and the optical fiber has a second
numerical aperture dependent on the difference between the
refractive index of the first cladding and the refractive index
of the second cladding. The second numerical aperture is

about 0.15 or greater. The fast axis collimated beam,
together with relatively low numerical aperture of the core,
provides that the Bragg grating will only reflect back into the
diode-laser light that propagates along or parallel to the axis
of the fiber. Tilted rays in the slow axis will not have
suflicient path length in the core to interact eflectively with
the grating. This provides that the grating reflects 1 a
bandwidth only of about 1 nm or less back into the diode-
laser, thereby providing the desired spectral narrowing and
wavelength stabilization of the diode-laser. Multimode light
will propagate in the first cladding, but having the stabilized
wavelength and narrow bandwidth characteristics forced by
the back retlection from the grating.
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BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of the specification, schematically
illustrate a preferred embodiment of the present invention,
and together with the general description given above and
the detailed description of the preferred embodiment given
below, serve to explain the principles of the present inven-
tion.

FIGS. 1A and 1B are plan and elevation views schemati-
cally 1llustrating one embodiment of diode-laser apparatus 1n
accordance with the present invention including a diode-
laser bar having a plurality of emitters, and a cylindrical lens
arranged to couple output of the emitters into a correspond-
ing plurality of double-clad optical fibers, each thereof
including a core having a low numerical aperture and having
a Bragg grating written therein.

FIG. 2 1s end elevation view schematically illustrating
detail of one preferred example of a double-clad optical fiber
in the apparatus of FIG. 1.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

Referring now to the drawings, wherein like features are
designated by like reference numerals, FIG. 1A and FIG. 1B
schematically illustrate a preferred embodiment 10 of a
fiber-coupled diode-laser bar apparatus 1n accordance with
the present invention. Apparatus 10 includes a diode-laser
bar 12 including a plurality of spaced-apart individual
emitters (diode-lasers) 14 arranged in a linear array. The
diode-laser bar 1s mounted on a heat-sink 16.

Each emitter 14 in diode-laser bar 12 has a fast axis and
a slow axis (Y-axis and X-axis respectively as depicted 1n
FIGS. 1A-B). The individual emitters are aligned 1n the slow
axis. Each emitter emits a beam of light 18 generally along
a propagation axis 20 (the Z-axis as depicted in FIGS.
1A-B). Beam 18 diverges in the slow axis and the fast axis
with the fast axis divergence being greater, as discussed
above. In FIG. 1A beam 18 1s depicted by extreme slow-axis
diverging rays 18S. In FIG. 1B beam 18 1s depicted by
extreme fast-axis diverging rays 18F.

A cylindrical microlens (lens) 22 1s disposed on propa-
gation axis 20 of the diode-lasers to receive and transmit the
emitted beams. The lens 1s arranged to collimate the fast axis
rays on transmission as depicted in FIG. 1B. The divergence
of slow axis rays 18S 1s unchanged on transmission through
lens 22.

Continuing with reference to FIGS. 1A and 1B, and with
reference 1n addition to FIG. 2, a plurality of double-clad
optical fibers 24, equal 1n number to the number of emitters
14 1n diode-laser bar 12, 1s arranged such that each one of
the plurality of fibers receives a beam 18 from a correspond-
ing one of the diode-lasers after the beam has been trans-
mitted, and fast-axis collimated, by lens 18.

Each fiber 24 has a core 26 surrounded by a cladding 28
having a refractive index lower than the refractive index of
the core. Cladding 28 1s surrounded by a further cladding 30
having a refractive index lower than the refractive index of
cladding 28. Core 26 1s a “multimode”, that 1s to say, the
diameter of the core 1s suflicient that that tens of modes
could be supported thereby, were the numerical aperture of
the core sutliciently high. Preferably the diameter of core 26
1s at least about one tenth the diameter of cladding 28. By
way ol example, for light having a wavelength of about 808
nm, the diameter of the core 1s about 50.0 micrometers (um)
or greater. A Bragg grating 32 1s written into core 26. The
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refractive index modulation depth of the grating i1s prefer-
ably selected such that the grating has a reflection bandwidth
less than the gain bandwidth of the diode-laser and prefer-
ably less than about 1 nm. The grating period 1s selected
such that the grating has a peak reflectivity at a wavelength
within the gain-bandwidth of the diode-laser at which the
output of the diode-laser 1s to be stabilized. The length of the
grating 1s selected, consistent with the refractive index
modulation, according to the reflectivity desired for the
grating.

In one example of a fiber 24 for receiving 808 nm light,
core 26 has diameter of about 50 um. Cladding 28 has a
diameter of about 150.0 um and cladding 30 has a diameter
of about 165.0 um.

The refractive indices of core 26 and cladding 28 are
selected such that the core has a numerical aperture sufli-
ciently low that those slow-axis rays that are not propagating
about parallel to the fiber axis will not stay in the core, and
will have too short an interaction with the grating to have
any significant bandwidth broadening effect on back retlec-
tion from the grating. The terminology “about parallel”,
here, means within about 4 degrees. Preferably, the numerti-
cal aperture 1s about 0.06 or less. Any fast axis rays entering
the core, having been collimated by lens 22, travel along or
about parallel to the longitudinal axis of the fiber and will
stay 1n the core regardless of the low numerical aperture of
the core. Only those slow-axis rays propagating about par-
allel to or close to the fiber axis will be retained 1n the core
26. This configuration and arrangement of fiber 24 provides
that essentially all rays reflected by grating 32 of core 26
back 1nto diode-laser 14 interact with the grating at the same
angle, 1.e., paraxial to the longitudinal axis of the fiber, at
about normal incidence to the grating. Slow-axis rays
reflected from the grating back into diode-laser 14 will travel
about parallel the propagation axis of the beam. This avoids
the bandwidth broadening of the grating retlection band that
would occur 1f the grating were written into a conventional
multimode fiber core.

It 1s emphasized, here, that all rays in beam 18 that are
within the numerical aperture (NA) of fiber 24, defined by
the refractive index difference of inner cladding 28 and inner
cladding 30, will be supported by fiber 24. Preferably the NA
of fiber 24, as so defined, 1s about 0.15 or greater, for
accepting the slow axis ray divergence. Fast axis rays, of
course, are collimated. Most of the rays entering the fiber
will propagate in 1nner cladding 28 thereof, while a small
percentage, for example between about 10% and 20%,
having characteristics discussed above will propagate 1n the
core 26 and interact with grating 32.

It will be evident from the description provided above that
inner cladding 28 can be considered the effective “multi-
mode core” of fiber 24 as far as multimode beam transport
aspects of the fiber are concerned. Core 26 serves only to
carry the grating 32 and carry a small percentage of rays
entering the fiber for providing back reflection into an
emitter. Accordingly, a fiber 24 need be no longer than 1s
necessary to provide a suflicient length of grating 32 to
provide a desired reflectivity of the grating. By way of
example a length of about 5.0 centimeters (cm) may be
suflicient. This short length of fiber may then be spliced to
a conventional multimode fiber for further transport of the
emitter output. An example of this 1s depicted in FIGS. 1A
and 1B wherein one fiber 24 1s depicted as having a
multimode fiber 34 spliced thereto. Fiber 34 has a multi-
mode core 36 having about the same diameter as inner
cladding 28 of fiber 24. Fiber 34 has a cladding 38 having
about the same diameter as that of cladding 30 of fiber 24.
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Regarding the reflectivity of grating 32, this should be
somewhat higher than would be the case 1n prior-art grating
teedback practice since the relatively low numerical aperture
of core 26 limits the percentage of the beam that interacts
with the grating. Preferably, the grating has a reflectivity of 3
about 50% percent or greater. This preference assumes that
tacet reflectivity of the emitters 1s between about 1% and
10% percent. Optimization of the grating reflectivity and
reflection of output facets of the emitters for any particular
case can be simply done by experiment. Many diode-laser 10
bar chips can be fabricated in a single growth cycle. These
can be provided with a range of output facet coatings for
providing a range of facet reflectivities. Fibers 24 having
gratings 32 of different reflectivity can be prepared and
various combinations of diode-laser and fiber can be evalu- 15
ated.

The present 1invention 1s described above as a preferred
embodiment. The invention, however, 1s not limited to the
embodiment described and depicted. Rather, the invention 1s
limited only to the claims appended hereto. 20

What 1s claimed 1s:

1. Optical apparatus comprising:

a diode-laser emitter arranged to emit an output beam
along a propagation axis, said diode-laser having fast
axis, and a slow axis perpendicular to each other and 25
perpendicular to said propagation axis, said beam hav-
ing a first divergence in said fast axis and a second
divergence 1n said slow axis, said second divergence
being less than said first divergence, and said diode-
laser having a gain-bandwidth; 30

a lens disposed on said propagation axis of said diode-
laser, said lens configured and aligned with said diode-
laser such that said output beam 1s transmitted by said
lens collimated 1n said fast axis and with said slow axis

divergence unchanged; 35

an optical fiber arranged to receive said transmitted output
beam, said optical fiber having a core surrounded by a
first cladding, said first cladding being surrounded by a
second cladding, said first cladding having a lower
refractive index than that of said core, and said second 40
cladding having a lower refractive index than that of
said first cladding; and

said core including a wavelength-selective Bragg grating
and having a first numerical aperture dependent on the
difference between the refractive index of said core and 45
the refractive index of said first cladding, said first
numerical aperture being about 0.06 or less and
wherein said diode-laser has a gain bandwidth and said
Bragg Grating has a retlection bandwidth less than said
gain bandwidth and has a peak reflectivity withun said 50
gain bandwidth whereby the diode-laser light reflected
by the Bragg Grating back into the diode-laser stabi-
lizes the wavelength output of the diode-laser.

2. The apparatus of claim 1, wherein said optical fiber has

a second numerical aperture dependent on the difference 55
between the refractive index of said first cladding and the
refractive 1ndex of said second cladding, said second
numerical aperture being about 0.15 or greater.

3. The apparatus of claim 1, wherein said Bragg grating
has a reflectivity of about 50% or greater. 60
4. The apparatus of claam 1, wherein said core has a
diameter of at least about one tenth the diameter of said first

cladding.

5. Optical apparatus comprising:

a diode-laser emitter having a gain bandwidth and 65
arranged to emit an output beam along a propagation
axis, said diode-laser having fast axis, and a slow axis

6

perpendicular to each other and perpendicular to said
propagation axis, and said beam having a first diver-
gence 1n said fast axis and a second divergence in said
slow axis, said second divergence being less than said
first divergence;

a lens disposed on said propagation axis of said diode-
laser said lens configured and aligned with said diode-
laser such that said output beam 1s transmitted by said
lens collimated 1n said fast axis and with said slow axis
divergence unchanged;

a first optical fiber arranged to receive said transmitted
output beam, said optical fiber having a core sur-
rounded by a first cladding, said first cladding being
surrounded by a second cladding, said first cladding
having a lower refractive index than that of said core,
and said second cladding having a lower refractive
index than that of said first cladding;

said core including a wavelength-selective Bragg grating
having a reflection bandwidth less than the gain band-
width of said diode-laser and a peak reflection at a
wavelength within said gain-bandwidth;

said core havmg a first numerical aperture dependent on
the diflerence between the refractive index of said core
and the refractive index of said first cladding, and said
optical fiber having a second numerical aperture depen-
dent on the difference between the refractive mndex of
said first cladding and the refractive index of said
second cladding, said first numerical aperture being
about 0.06 or less, and said second numerical aperture
being about 0.15 or greater; and

wherein said diode-laser, said lens, and said optical fiber
are arranged so that a first portion of said diode-laser
output beam transmitted by said lens propagates 1n said
first cladding of said optical fiber, a second portion of
said diode-laser output beam transmitted by said lens 1s
intercepted by said core, and a portion of said second
portion of said beam 1s reflected by said Bragg grating,
via said lens, back to said diode-laser to stabilize the
output wavelength of the diode-laser.

6. The apparatus of claim 5, wherein said second portion
of said diode-laser output beam 1s between about 10% and

20%.

7. The apparatus of claim 5, wherein said Bragg grating
has a peak reflectivity of about 50% or greater.

8. The apparatus of claim 5, further including a second
optical fiber spliced to an exit face of said first optical fiber,
said second optical fiber having a multimode core sur-
rounded by a first cladding.

9. The apparatus of claim 8, wherein said multimode core
of said second optical fiber has a diameter about equal to the
diameter of the first cladding of said first optical fiber.

10. The apparatus of claim 9, wherein said first cladding
of said second optical fiber has a diameter equal to the
diameter of said second cladding of said first optical fiber.

11. Optical apparatus comprising:

a diode-laser emitter arranged to emit an output beam
along a propagation axis, said diode-laser having fast
ax1s, and a slow axis perpendicular to each other and
perpendicular to said propagation axis, said beam hav-
ing a first divergence 1n said fast axis and a second
divergence 1n said slow axis, said second divergence
being less than said first divergence, and said diode-
laser having a gain-bandwidth;

a lens disposed on said propagation axis of said diode-
laser said lens configured and aligned with said diode-
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laser such that said output beam 1s transmitted by said
lens collimated 1n said fast axis and with said slow axis
divergence unchanged;

an optical fiber arranged to receive said transmitted output
beam, said optical fiber having a core surrounded by a
first cladding, said first cladding being surrounded by a
second cladding, said first cladding having a lower
refractive index than that of said core, and said second
cladding having a lower refractive index than that of
said first cladding;

said core including a wavelength-selective Bragg grating
arranged to retlect a portion of said transmitted output
beam back into said diode-laser and having a first
numerical aperture dependent on the difference
between the refractive index of said core and the
refractive index of said first cladding, said first numeri-
cal aperture being suthiciently low that slow-axis rays
of said beam portion reflected back into said diode-
laser are about parallel to said propagation axis
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whereby the portion of the diode-laser light reflected
back into the diode-laser stabilizes the wavelength
output of the diode-laser.

12. The apparatus of claim 11, wherein said first numerti-
cal aperture 1s about 0.06 or less.

13. The apparatus of claim 12, wherein said optical fiber
has a second numerical aperture dependent on the difference
between the refractive index of said first cladding and the
refractive index of said second cladding, said second
numerical aperture being about 0.15 or greater.

14. The apparatus of claam 1, wherein said core 1s a
multimode core.

15. The apparatus of claim 5, wherein said core 1s a
multimode core.

16. The apparatus of claim 11, wheremn said core 1s a
multimode core.
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